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Abstract

The epigenetic landscape is vulnerable to diets. Here, we investigated the influence of different polyunsaturated fatty acids (PUFA) dietary supplements on
rodents' nervous system development and functions and potential consequences to neurodegenerative disorders. Our previous nutrigenomics study showed
significant impact of high n-3 PUFA-enriched diet (ERD) on synaptogenesis and various neuromodulators. The present study introduced a second equicaloric diet
with n-6 PUFA balanced by n-3 PUFA (BLD). The typical lab diet with high n-6 PUFA was the baseline. Transcriptomic and epigenetic investigations, namely
microRNA (miRNA) and DNA methylation assays, were carried out on the hemibrains of the C57BL/6j mice fed on any of these three diets from their neonatal age
to midlife. Integrating the multiomics data, we focused on the genes encoding both hypermethylated CpG islands and suppressed transcripts. In addition, miRNA:
mRNA pairs were screened to identify those overexpressed miRNAs that reduced transcriptional expressions. The majority of miRNAs overexpressed by BLD are
associated with Alzheimer's and schizophrenia. BLD implicated long-term potentiation, memory, cognition and learning, primarily via hypermethylation of those
genes that enrich the calcium-releasing neurotransmitters. ERD caused hypermethylation of those genes that enrich cytoskeletal development networks and
promote the formation of neuronal precursors. We drew the present observations in light of our limited knowledge regarding the epigenetic influences on
biofunctions. A more comprehensive study is essential to understand the broad influences of dietary supplements and to suggest optimal dietary solutions for
neurological disorders.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dietary compositions can induce the epigenomic changes and,
consequently, can perturb the long-term physiological and psycho-
logical health. Lasting implications of the prenatal diet on the
offspring's health have been demonstrated in vivo [1–3]. Human
epidemiological studies have found that the epigenetic signatures in
individuals conceived during the Dutch Hunger Winter of 1944–45
persisted throughout their lives [4,5].

DNA methylation is a major epigenetic mechanism that can
potentially control gene expression, genetic imprinting and genomic
stability via mitotic and meiotic mechanisms [6]. DNA methylation
requires choline, other methyl donors and sufficient amounts of
energy [7,8]. Hence, foods enriched with or deprived of such
supplements enable control of the methylation process [9,10]. Fish
oils derived from salt water fish are choline enriched [11] and,
therefore, potentially facilitate DNA methylation. Polyunsaturated
fatty acids (PUFA)-enriched maternal diets were found to induce
higher methylation in the offspring's gene body, which was further
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linked to homeostasis in cellular and humoral immunity, and to the
growth and development of children [12,13]. The details of the
mechanisms of these processes and the consequences are still poorly
understood. In fact, the role of methylation in regulating gene
silencing has been recently critically challenged [6,14–16].

Noncoding microRNA (miRNA) mediates another class of epige-
neticmechanisms. Evidence suggesting polymorphic characteristics of
miRNA-mRNA interactions [17] endorses miRNAs as distinct post-
translational modifiers. The miRNAs can influence a wide range of
functions via suppressing the stability of targeted mRNA and
augmenting its degradation. The causal association of miRNA and
DNA methylation toward epigenetic manifestation is a subject of
growing interest [8,18]. As with DNAmethylation, the diet plays a key
role in miRNA expression [19]. Of particular interest are the reports
suggesting the role of omega-3 PUFA (n-3 PUFA) in modulating a pool
ofmiRNAs that control the oncogenic and apoptotic networks [20–22].

The benefits of n-3 PUFA have been evaluated in the context of a
wide variety of health issues [23]. The escalated risks of pathological
and psychological disease have been connected to the greatly reduced
proportion of n-3 PUFA in modern western diets in concert with the
growing proportion of omega-6 PUFA (n-6 PUFA) [24–26]. However,
time and again, clinical studies have failed to confirm the beneficial
consequences of n-3 PUFA [27,28]. In this context, we demonstrated
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the contrasting implications of the n-3 PUFA-enriched diet (ERD) as
compared to the standard diet in vivo [29].We reported that n-3 PUFA-
enriched diet resulted in attenuation of oxidative stress and reduction
of amyloidal burden coupled with suppressed inflammatory and
apoptosis networks. This suggests that n-3 PUFA-enriched diets have
possible beneficial impacts onAlzheimer's disease, Parkinson's disease
and affective disorder. ERD-mediated hyperactive dopaminergic,
adrenergic, cholinergic and GABAergic networks have differential
implications; these neuromodulators can ameliorate depression but
can also trigger bipolar disorder, schizophrenia and suicidal inclina-
tion. Since the high concentration of n-3 PUFA may adversely impact
certain psychological disorders, it becomes imperative to find an
optimal concentration of n-3 PUFA to derive its full benefits.

To meet this challenge, we introduced an additional diet type
containing a balanced ratio of n-3 and n-6 PUFA (BLD),where absolute
amounts of both PUFAsweremuchhigher than in the standard lab diet
(STD) (Table 1A). All three diets used in this project have a similar
solid texture and physical appearance, in addition to being equicaloric
as constituted by equivalent amounts of proteins, carbohydrates,
vitamins and minerals.

The purpose of the present study is to identify the epigenomic
shifts caused by the diets supplemented with varying amounts of n-3
and n-6 PUFAs thatwere consumed bymice from their neonatal age to
middle age. This age group was identified as particularly and
increasingly susceptible to major health issues, including psycholog-
ical disorders [30,31]. In interpreting the omics readouts of brains from
thesemice, we focused our investigation on the hypermethylated CpG
islands (CpGI) mapped to the genes with suppressed transcripts. We
also included the overexpressed miRNAs targeting the genes showing
transcriptomic suppression. Finally, we identified the patterns con-
necting the suppressed transcripts, hypermethylated CpGIs and
overexpressed miRNA profile. These genes and miRNAs were
annotated to the networks associated with nervous system develop-
ment and functions and psychological and neurological disorders. This
pilot experiment showed the differential effects of diets captured at
the epigenetic level. The study further underscored the need for more
comprehensive nutrigenomics studies to understand the long-term
impacts of diets.
Table 1B
Distribution profile of n-3 and n-6 PUFA in ERD, BLD and STD

ERD BLD STD
2. Materials and methods

2.1. Diet composition

The details of ERD and STD diets are discussed in our previous communication [29].
Briefly, 16% by weight of PUFAwas used in ERD and BLD diets (Harlan Laboratories, Inc.,
MD, USA) so that the appearance and structure of the food pellets would be consistent
with that of STD (Certified Rodent Diet 5002*, Purina LabDiet, MA, USA). The resulting
food pellets preempted individual prejudice for the smell and texture of any of the
particular diets. Furthermore, their palatable structures helped maintain the tidiness of
the cages. Hence, all of the habitants followed the same schedule of handling and caging.
Given practice minimized any potential risk of cerebral plasticity attributed to the
mouse handling with variable frequencies [32].

Within the limits of total PUFA percentage, we varied their sources in order to
change the n-3 and n-6 PUFA ratios from the maximum possible (6:1 in ERD) to a
balancedmeasure (1:1 in BLD).We composed the BLDwith the following composition:
4% fish oil, 4% flaxseed oil and 8% safflower oil. While fish oil (n-3: n-6 FA=8:1) and
safflower oil (n-3: n-6 FA = nil: 78) primarily contributed n-3 and n-6 PUFA,
respectively, flaxseed oil (n-3: n-6 PUFA=3.7:1) contributed both types of PUFAs to
meet the balance. Table 1B demonstrates that these three diets were similarly
Table 1A
Distribution profile of major dietary components of ERD, BLD and STD

ERD BLD STD

% by weight % kcal % by weight % kcal % by weight % kcal

Protein 18.3 17.2 18.3 17.2 23.9 24.11
Carbohydrate 51.8 48.8 51.8 48.8 53.8 62.67
Fat 16 33.9 16 33.9 5.7 13.22
Kcal/g 4.2 4.2 4.07
supplemented by proteins, carbohydrates and crude fibers; vitamins and minerals
were also supplemented proportionately, including vitamin E. Moreover, the gross
caloric contributions were comparable. To maintain the food quality across the study
duration and tominimize the oxidative damage to n-3 PUFA, freshly prepared food was
purchased every 2months and stored at 4oC in sealed bags, and the food chambers were
replenished daily with fresh supplies.

2.2. Animal model and nucleic acid extraction from hemibrains

Research was conducted in compliance with the Animal Welfare Act and other
Federal statutes and regulations relating to animals and experiments involving animals
and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals
(NRC 2011) in facilities that are fully accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care, International. The protocol was approved
by the IACUC committee of Walter Reed Army Institute of Research, Silver Spring, MD,
USA.

C57BL/6j male mice were purchased from Jackson Laboratory (Bar Harbor, ME,
USA) at the age of 3 weeks, singly housed, randomly and equally sorted into three
groups and immediately introduced to one of the three diets, namely ERD, BLD and STD.
Henceforth, each diet group contained six animals. Mice had free access to their
respective diets and standard lab-supplied liquids for the next 5 months or until they
reached 25 weeks of age. At that time, the animals were euthanized by cervical
dislocation without using any anesthesia. This method was AVMA Panel on euthanasia
— approved and implemented to minimize the potential confounding effects of
anesthetic agents on the brain molecular landscape [33]. The left hemibrains were
collected for multiomics analysis. For nucleic acid extraction, ice cold hemibrain in
Trizol (Invitrogen Inc., MA, USA) was homogenized, and total RNA and DNAwere phase
separated. The miRNAeasy mini kit from QIAGEN (MD, USA) was used to isolate total
RNA that includes miRNA (RNA of 20–40 bases long) and mRNA following the vendor's
protocol. DNA was isolated from the interphase and phenol-chloroform phase by
ethanol precipitation and washed multiple times with sodium citrate/ethanol solution
(0.1-M sodium citrate in 10% ethanol, pH 8.5). The resulting DNA pellet was air-dried
and resuspended in 8-mMNaOH. We used Tape Station (Agilent Technologies, Inc., CA,
USA) to check the qualities of nucleic acids. The samples showing RIN and DIN values
N8.0, respectively were selected for further analysis.

2.3. Transcriptomic assay and analysis

The dual dye microarray was carried out using the SurePrint G3 mouse GE 8×60k
microarray kit (Agilent Technologies, Inc., CA, USA) following the vendor's protocol and
our methods previously reported [29]. Cy-5 labeled 200 ng of purified RNA was
cohybridized with the reference RNA (Agilent Technologies, Inc., CA, USA) labeled with
Cy-3 dyes. Overnight hybridization at 55 °C was followed by a series of washes. The
slides were scanned using an Agilent DNA microarray scanner, and the features were
extracted using the default setting of the Feature Extraction software (Feature
Extraction software v.10.7, Agilent Technologies, Inc., CA, USA).

GeneSpring v.10.1 (Agilent Technologies, Inc., CA, USA) software was used to
conduct the preliminary data filtration and statistical analysis. Each chip was subjected
to intrachip normalization using the locally weighted scatter-plot smoothing method
(LOWESS). Pair-wise moderated t tests at a cutoff of Pb.05 and a±1.5-fold change were
used to identify differentially expressed probes from among 62,976 probes anchored to
the array that represented the whole mouse genome.

2.4. Epigenomic assay and analysis

The epigenomic analysis of DNA methylation profiles was performed using
methylated DNA immunoprecipitation (MeDIP) followed by Agilent's Mouse 105 K
CpG island microarray (Design ID: 015279). The array contains 88,737 probes in or
within 95 bp of the CpG islands (CpGI) covering 15,342 CpGIs embedded in 16,664
unique genes.

MeDIP was initiated by preparing an antibody/magnetic bead mixture according to
the manufacturer's protocol. Genomic DNA was sonicated to 200–1000-bp size using
% of fat % by weight % by weight

n-3 PUFA EPA 2.08 0.72 0.2
DHA 1.6 0.6
ALA 0.29 3.12

n-6 PUFA LA 0.29 4.82 1.22
AA 0.37 0.128 b0.01

n-3 PUFA:
n-6 PUFA

7:1 1:1 1:6

EPA:DHA 1.5:1 1.2:1 –

EPA:AA 6:1 6:1 N20
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the Sonics Vibra-Cell™ VCX130 Sonicator under standardized conditions. Five
micrograms of DNAwere added to the antibody-bead complex and incubated overnight
at 4 °C. The resulting immunoprecipitated DNA was labeled using Cyanine 5-dCTP, and
250 ng of the corresponding sonicated genomic DNAwas labeled using Cyanine 3-dCTP.
Purification of labeled products, array hybridization and scanning were performed
according to the standard protocol by following the default settings. Data from scanned
images (TIFF) were extracted using Feature Extraction software Version 9.0 (Agilent
Technologies, Inc., CA, USA).

Genomic Workbench (v 7.0.4) applied the Z-score-based algorithm to identify the
methylation events, and after comparing the moving average of log ratio and Z-score
data with genomic region tracks, it reported the methylation results. The differentially
methylated probes were identified using a moderated t test with a cutoff of Pb.05. The
CpGIs showing 1.3 times more methylation were identified as the hypermethylated
probes.

The microarray data were submitted to the Gene Expression Omnibus (GEO). This
can be searched using the Platform ID: GSE83543 and GSE83544.

2.5. microRNA sequencing and analysis

One microgram of the RNA isolated from individual hemibrains was used to
construct sequencing libraries with the Illumina (Illumina, CA, USA) TruSeq Small RNA
Sample Prep Kit, following the manufacture's guideline. Briefly, 3′ and 5′ adapters were
sequentially ligated to small RNA molecules, and the ligated products were reverse
transcribed, amplified and subsequently size-selected screened by gel purification and
by microfluidics using the Agilent Bioanalyzer High Sensitivity DNA chip. The indexed
libraries were pooled in equimolar amounts, clustered and loaded into different lanes of
a HiScanSQ Illumina instrument to generate 50 base-pair reads. Image analysis and base
calling were performed using Illumina pipeline Version 1.5.15.1 and Illumina CASAVA
sequencing analysis software Version 1.7.32.0.

The raw sequence reads were processed using a robust miRNA-seq quality control
pipeline. First, the samples were evaluated as per quality control assurance using
matrices that included acceptable duplication, k-mer or GC content generated using
FASTQC. The samples that showedmore than 30% disagreementwith rest of the samples
were excluded henceforth. The low quality reads (N20 quality score threshold) were
filtered out, and adaptor sequences were pruned. The ensuing products were 48%–75%
mapped against the mature miRBase miRNA database Version 21 for Mus musculus
(mm9), a pool of RNA species were curated and the effective library sizes were
normalized using the trimmed mean of M-values (TMM) normalization method
provided by edgeR (Bioconductor.org). In a second phase of filtration, the samples with
b1% abundance were also discarded. Meanwhile, we validated the miRBase output by
mapping the same filtered sequence reads against the UCSC reference genome for Mus
musculus (mm9 build) (University of California Santa Cruz; http://genome.ucsc.edu/).
The short read aligner Bowtie (v 1.0.0) allowed one pair of mismatch. Differentially
expressed miRNAs were mined by pair-wise comparison using moderated t test with
the cutoff at Pb.05.

To determine the mRNA targets of the selected miRNA modulators, we used the
Ingenuity PathwayAnalysis (IPA) platform (Ingenuity® Systems,www.ingenuity.com).
The microRNA Target Filter predicted the mRNA targets by mining four databases,
namely TargetScan, TarBase, miRecords and the Ingenuity® Knowledge Base. The list
was screened further to identify negatively correlated (rb−0.5) miRNA:mRNA pairs as
described elsewhere [34].

2.6. Probe mapping and functional annotations

We mapped the probes anchored to the Agilent CpG island array to locate their
positions in the gene body and beyond using the genome browser available at the
University of California Santa Cruz (UCSC; http://genome.ucsc.edu/). The probes were
characterized as the promoter, divergent promoter, downstreamand inside regions based
on their distances from the transcription start sites (TSS). Henceforth, we define all the
promoters and divergent promoters together as the promoter. “Inside” CpGIs are located
within10-kbupstreamofTSS; arguably, theseprobe regions candrive thegeneexpression
mechanism tovariabledegrees [6,14–16]. Theprobes locateddownstreamof TSSwerenot
considered for any transcription–methylation-based integration analysis.

The prevalence of the differentially methylated genes in the brain regions were
estimated using the mouse brain atlas (mouse.brain-map.org). We used GeneSpring
v.10.1 (Agilent Technologies, Inc., CA, USA) to perform two-dimensional hierarchal
clustering using the Pearson correlation algorithm, and IPA (www.ingenuity.com) was
used to mine the pathways and networks relevant to the present study. Networks
meeting Pb.05 by hypergeometric test were presented for further consideration.

3. Results

Six animals were recruited per diet group, namely ERD, BLD and
STD. The animals were fed on the particular diet types for the last 22
weeks of their 25-week life span. The high-fat diet, as expected,
increased the bodyweights: the average bodyweight of ERDmice was
36.5 g at age of 25weeks [29]. At the sameage, BLDmicewere 39.6 g on
average, which was significantly higher (Pb.001, Welch's t test) than
the STDmice, whose average weight was 31 g. At 25 weeks of age, the
micewere euthanized to collect hemibrains as the source of RNA, DNA
and miRNA for the respective analyses.

3.1. Characterization of the differentially methylated probes

Principal component analysis (PCA) of 88,463 differentially
methylated CpGIs revealed a considerable separation of methylation
status among three diet types (Fig. 1A). Together, the top three
principal components explain 57% of the cumulative variance.

Comparing ERD and STD, we identified 13,573 differentially
methylated CpGIs annotating 8001 genes at the moderated t test
cutoff of Pb.05. There were 5010 hypermethylated CpGIs representing
3742 genes showing ≤1.3 times more methylation in ERD than STD
(Fig. 2A). Likewise, we identified 8798 CpGIs representing 5924 genes
differentially methylated between BLD and STD that included 5040
hypermethylated CpGIs annotated to 3720 genes (Fig. 2A).

3.2. Characterization of the differentially expressed transcripts

PCA of 62,976 transcripts displayed a considerable variability of their
expressions inducedby the three diet types. Together, the three top-ranked
principal components explained 42% of cumulative variance (Fig. 1B).

Comparing ERD and STD, we identified 5213 significantly expressed
transcripts representing 3100 unique genes. This cluster included 2150
transcripts (1104 genes) overexpressed and 3064 transcripts (2025
genes) suppressed by ERD. Likewise, 4153 probes corresponding to
2236 unique genes were found differentially expressed between BLD
and STD, which included 2501 (1245 genes) and 1653 (1009 genes)
transcripts overexpressed and suppressed, respectively (Fig. 2A).

3.3. Integration of the epigenetic and transcriptomic readouts

The transcriptomic data were integrated with DNA methylation
readouts, andwe subsequently focused on the hypermethylated CpGI-
bound suppressed transcripts. Thereby, we found 308 genes in ERD-
fed mice encoding hypermethylated CpGIs-bound suppressed tran-
scripts. This cluster is defined as Probes of Interest 1 (PoI-1). Nearly
33% of these CpGIs were promoter bound, and the remainders were
within the inside region (Fig. 2A). In comparison with STD, BLD
perturbed 131 genes encoding hypermethylated CpGIs and sup-
pressed transcripts (PoI-2); 36% of these CpGIs were promoter bound,
and the rest were within the inside region (Fig. 2A).

Likewise, we found 206 genes encoding hypermethylated CpGIs
and transcriptional suppression caused by ERD in comparison to BLD
(PoI-3), which included 40% promoter-bound CpGIs (Fig. S1). In
comparison to ERD, BLD hypermethylated 28 genes and suppressed
their transcriptional expressions. Eleven of these hypermethylated
CpGIs are promoter bound (Fig. S1).

3.4. Characterization of differentially expressed miRNAs and miRNA:
mRNA pairs

PCA of 1156 miRNAs that crossed the quality control threshold
displayed a considerable separation among three diet types. Together,
three top-ranked principal components from each diet explained 80%
of cumulative variance (Fig. 1C).

In comparing ERD with STD, a moderated t test (Pb.05) identified
differentially expressed 49 miRNAs targeting 8964 mRNAs. Within
this pool of miRNA:mRNA pairs, therewere 18 overexpressedmiRNAs
that significantly suppressed (rb−0.5; P≤.05) 580 mRNA targets [34].
Eleven of these miRNAs targeted 10 or more mRNAs (the top five are
shown in Table 2). In this cluster of 580 suppressed mRNAs, a
subgroup of 109 mRNAs overlapped with PoI-1 (Fig. 2A).
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Fig. 1. (A) Principal component analysis (PCA) of the differentially methylated probes (CpG islands) altered by the three diet types. The samples showing DIN values N8.0 were selected
for this assay; each colored point represents one animal. (B) Principal component analysis (PCA) of differentially expressed transcripts altered by the three diet types. The samples
showing RIN values N8.0were selected for this assay; each colored point represents one animal. (C) Principal component analysis (PCA) of differentially expressedmiRNAs altered by the
three diet types. miRNA samples selected for the assaywere screened in two steps: First, the samples were evaluated as per quality control assurance using followingmatrices including
acceptable duplication, k-mer or GC content generated using FASTQC. The samples showingmore than 30% disagreementwith rest of the sampleswere excluded henceforth. In a second
phase of filtration, the samples with b1% abundance were discarded. Each colored point represents one animal.
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Fig. 1. (continued).
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Comparison of BLD with STD using a moderated t test (Pb.05)
identified 105 differentially expressed miRNAs targeting 11,404
mRNAs. Within this pool of miRNA:mRNA pairs, there were 39
overexpressed miRNAs that significantly suppressed (rb−0.5; P≤.05)
796mRNAs. Twenty-nine of these miRNAs targeted 10 or moremRNAs
(the top five are shown in Table 2). In this cluster of 796 suppressed
mRNAs, a subgroup of 106 mRNAs overlapped with PoI-2 (Fig. 2A).

3.5. Functional annotations

The present communication is primarily focused on the nervous
system development and function and neurological and psychological
disorders. Functional annotations were performed in two phases. The
first phase included those miRNAs which were overexpressed by
either ERD or BLD.Most of themiRNAs are associatedwith organismal
injury and abnormalities. Table 2 lists the top five miRNAs ranked by
the number ofmRNA targets suppressed by individual miRNAs. Fig. 2B
shows the miRNAs of PoI-1 and PoI-2 associated with the most
enriched functional annotations and disorders. Many studies, includ-
ing our previous observations [29], linked a fish oil-enriched diet to
Alzheimer's disease [25,27,35] and schizophrenia [36,37]. Fig. 3 shows
thosemiRNAswhich are epigenetically associatedwith either of these
two neurodegenerative disorders. The majority of these miRNAs are
elevated by BLD in comparison to ERD.

The second phase of the functional analysis was focused on the
genes listed in PoI-1 through PoI-4. Following the same protocol, we
curated the genes associated with nervous system development and
function (Table S1A), neurological diseases (Table S1B) and psycho-
logical disorders (Table S1C). The patterns displayed how PoI-1 and
PoI-2 are associatedwithmemory and relevant functions (Fig. 4A) and
brain formation and relevant mechanisms (Fig. 4B). Particular
attention was given to the nervous system development and
functions, which was further sorted based on their association with
(a) cellular functions; (b) cerebral health; and (c) cerebral functions
(Fig. 5).

We mapped the genes annotated from PoI-1 through PoI-4 to the
brain regions typically associated with stress negotiation. However,
very few genes were mapped to the brain regions of interest, and
therefore, no additional functional analysis was conducted. PoI-1 to
PoI-4 were further mapped to two neural cell types, namely astrocytes
and neurons. This cell-specific database was curated from developing
and mature mouse forebrain [38], and we used genes that showed
more than twofold changes. From PoI-1, there were 41 and 48 genes
overexpressed in neurons and astrocytes, respectively. Similarly, there
were 17 and 27 genes in PoI-2 overexpressed in neurons and
astrocytes, respectively. Mapping the genes to oligodendrocytes
returned a small sample set with negligible statistical power. The
same conclusion held true for PoI-3 and PoI-4.

4. Discussion

Our previous study about the transcriptional profile of rodent
hemibrain showed a significant impact of a fish oil-enriched diet on
nervous system development and neurological diseases [29]. By
stimulating the calcium-induced growth cascade and downstream
PI3K-AKT-PKC networks, ERD augmented neuritogenesis, reinforced
synapse and potentially promoted LTP. Furthermore, ERD reduced the
amyloidal burden, attenuated oxidative stress and assisted in
somatostatin activation, thereby displaying potential benefits for
attenuating Alzheimer's disease, Parkinson's disease and affective
disorder. These results motivated us to comprehend the epigenetic
consequences of the variable enrichments of n-3 and n-6 PUFA in daily
diets.

The present study was designed to understand the epigenetic
vulnerability of the brain to diets with maximum enrichment of
PUFAs, where n-3 PUFAwas either equivalently balanced by n-6 PUFA
or not. Hence, both diets contained a maximum amount (i.e., 16% by
weight) of PUFA that allowed the food pellets to retain the same solid
texture. The basic diet structure and the philosophy behind such diet
construction are discussed elsewhere [29]. Almost the entire portion
of fat in ERD was constituted by n-3 PUFA (n-3: n-6 PUFA=6:1)
following many such precedents [39–41]. Equicaloric BLD, on the
other hand,was composed of equal portions of n-3 and n-6 PUFA (n-3:
n-6 PUFA=1:1).
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Fig. 2. (A) Hierarchical clustering of the significantly altered genetic and epigenetic molecules induced by ERD and BLD, both in comparison to STD. The columns with “Trns” header
cluster corresponding geneswith suppressed transcripts. The columnswith “EpG” header cluster the hypermethylated genes. The columnswith “miR”header cluster the overexpressed
miRNAs targeting a subgroup of genes with silenced transcripts. The left and right Venn diagrams identify the probes of interest (PoI) where genes include both hypermethylated CpG
islands and suppressed transcripts. The color scale depicting the range of fold change is in the lower right hand corner. (B) Characterization of probes of interests-1 and -2 (PoI-1 and PoI-
2): Corresponding overexpressed miRNAs targeting the same gene list and the functional annotations are reported.
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To meet the 1:1 ratio between n-3 and n-6 PUFA, we had to use
different oil types in BLD. Besides PUFA content, the rest of the diet
constituents were optimally comparable between ERD and BLD.
Nevertheless, it is beyond the scope of the present study to understand
the residual effect of the oils other thanfish oil on rodent health. STD is
also equicaloric to ERD and BLD but has almost a reverse of PUFA
proportion as compared to ERD (n-3: n-6 PUFA=1:6) [39–41].
Furthermore, both ERD and BLD contained a nearly equivalent
distribution of major n-3 and n-6 PUFAs (EPA:DHA=1.5–1.2:1 and
EPA:AA=6:1), which was designed according to some suggested
health benefits [42–45].

The assay used six male mice per three diet groups, namely ERD,
BLD and STD. Diets were consumed by the mice from 3 weeks of age
till 25 weeks of age, which is approximately equivalent to human
middle life (50 years) [46]. This middle life or near retirement age is a
critical junction of human life asmany physiological and psychological
complications set in during this time [30,31]. Hemibrains collected
from the mice fed any of these three diets were probed. The brain is a
complex system composed of a number of regions committed to play
definite and often feedback-driven roles. Therefore, brain region-
specific analyses are always of great interest, but this is beyond the
scope of the present study.

The general concept describing DNA methylation as a “silencing”
epigeneticmark has been challenged by the advent of high throughput
technologies that screen the whole genome [6,14–16]. Although the
full characterization of the dynamic associations between transcrip-
tion and DNA methylation are yet to be comprehended, the genomic
context, such as the transcriptional start sites (TSS with or without



Table 2
The top five significantly enriched miRNAs expressed by the pair-wise comparison of three diet types

miRNAs overexpressed by miRNA (Alias) Number of genes
significantly suppressed

Major functions

miR (ERD N STD) mmu-miR-29c-3p (miR-29b-3p) 122 Alzheimer's disease; Schizophrenia
mmu-miR-200a-3p (miR-141-3p) 101 Differentiation of neural precursor cells
mmu-miR-1192 (miR-495-3p) 96 Bipolar disorder
mmu-miR-148b-3p (miR-148a-3p) 84 Muscular dystrophy; Alzheimer's disease
mmu-miR-144-3p 32 Hematopoiesis

miR (ERD N BLD) mmu-miR-124-3p 58 Maintenance of neural stem cells, LTP of CA1 neuron
mmu-miR-200a-3p (miR-141-3p) 55 Differentiation of neural precursor cells
mmu-miR-129-5p 43 Hippocampal synaptoneurosomes
mmu-miR-375-3p 13 Differentiation of neurites
mmu-miR-488-3p 11 Hypothalamus energy balance

miR (BLD N STD) mmu-miR-384-5p (miR-30c-5p) 59 Alzheimer's disease; Schizophrenia
mmu-miR-19b-3p 57 Alzheimer's disease
mmu-miR-195-5p (miR-16-5p) 56 Alzheimer's disease; Schizophrenia
mmu-miR-20b-5p (miR-17-5p) 54 Hematopoiesis; Alzheimer's disease; Schizophrenia
mmu-miR-26b-5p (miR-26a-5p) 39 Cell cycle progression of cortical neurons; Alzheimer's

disease; Schizophrenia
miR (BLD N ERD) mmu-miR-24-3p 8 Schizophrenia

mmu-miR-301a-3p (miR-130a-3p) 7 Regulates axon terminal protein (aquaporin 4) expression
mmu-miR-367-3p (miR-92a-3p) 7 Alzheimer's disease; Schizophrenia; Progressive motor

neuropathy
mmu-miR-23b-3p (miR-23a-3p) 6 Brain maturation
mmu-miR-19b-3p 5 Alzheimer's disease; Progressive motor neuropathy
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CpG islands) or the CpG island's location (near vs. distal promoter
regions) is emerging as the keymediator of their interplay. Hence, the
present study was essentially focused on the probes which were (a)
hypermethylated by either ERD or BLD and (b) located in either a
promoter or an inside region upstream. All of our observations were
presented on the pretext about our poor knowledge about the
implications of methylated CpG islands at distal promoter regions
and beyond.

Integrated analysis examined the role of miRNAs, another
posttranslational modifier that suppresses the genomic expressions.
In the context of emerging literature to understand the interplay
between epigenetics and miRNA, the present study is possibly one of
the first attempts to comprehend their combined impact on the
nutritional biology. However, a lack of temporal analysis has limited us
in soliciting which one of the three mechanisms, namely transcrip-
tomics,DNAmethylation andmiRNA, are the causes or consequences of
their biological interactions. Furthermore, it is beyond the scope of the
present study to classify any methylation events as the inducer or
inhibitor of the biofunctions annotated herein. Hence, we took
extreme caution in interpretation of the functional trend in the
context of epigenetic changes.

The present work is limited in not assessing the bioavailability of
PUFA in rodent brains. However, many previous studies suggested a
direct correlation of the diet types with the cerebral fatty acid
compositions [47]. It is also possible that the potential side effects of
fat-enriched diets, such as risk of obesity and insulin resistance, could
have certain impacts on the functions of interest, but this is beyond the
purpose of the present study.

4.1. PUFA contributes epigenetically in brain development and
neurogenesis

Beneficial contributions of PUFA to the cerebral health and
neuroprotection are well documented [48–51]. The present study
pursued the epigenetic contexts of the functional activities in brain
formation and development caused by n-3 PUFA-enriched diets with
or without the supplement of n-6 PUFA. ERD epigenetically perturbed
a large number of genes associated with neurons, which, in turn, are
linked to brain formation and organization of cytoskeleton. Interest-
ingly, ERD epigenetically perturbed a gene cluster comprising CD9,
ACTR3, NLGN1, GDA, RPS6KA3 and MAPK8IP3 associated with
filopodia (Fig. 4B), the precursors for dendritic spines in neurons
[52]. In addition, ERD hypermethylated genes, such as CAMKK2 and
CAMSAP1, which encode the members of a calcium/calmodulin
binding family that typically regulate filopodia growth and spine
formation [53]. Camkk2 directly regulates the kinase activity of
calcium/calmodulin protein kinase [54], and Camsap1 engages
calcium-induced messengers of PRKCD-mediated cell signaling
pathway [55].

Synaptic health critically depends on neurite development. Dietary
effects on neuritogenesis could have long-lasting influence. Alcohol
treatment, for instance, adversely influences the neurite outgrowth
in vitro [56]. ERD and BLD hypermethylated the genes associated
with neuritogenesis but potentially adapted two different mechanisms
(Figs. 2B and S1B).Neurite formation inneuronal cells is typically driven
by two independent pathways, both shown to be affected by ERD. This
diet epigenetically controlled VAPA. Co-regulated with VAMP2, VAPA
mediates the actin-driven neuritogenesis [57]. In parallel, ERD possibly
influenced the integrin-dependent neuritogenesis network in neuronal
cells via hypermethylated MAPK8 [57]. On the other hand, BLD
potentially modulated neuritogenesis via a cholinergic pathway
initiated in the astrocyte cells. Epigenetically modified by BLD, c-JUN
is overexpressed in astrocytes and coexpresses with muscarinic
proteins [58]. Stimulation of themuscarinic cholinergic receptorprotein
in astrocytes augments neuritogenesis via controlling the load of
neuritogenic extracellular matrix proteins such as laminin and
fibronectin [59].

4.2. PUFA plays key roles in long term regulation of memory and LTP

Neurotransmitters and receptor proteins, such as G-protein
coupled receptors, play active roles in neuromodulation and conse-
quently influence the memory architecture, learning and behavioral
paradigms [60,61]. We previously suggested that ERD promoted long-
term potentiation by optimally driving the calcium and dopamine
messengers to phosphorylate the protein phosphatase 1 regulatory
inhibitors [62]. A nearly similar cluster of biofunctions was epigenet-
ically disturbed by ERD and BLD. For instance, BLD preferentially
regulated the methylation status of a cluster of genes encoding
proteins associated with potassium ion channels and the GABAergic
pathway (KCNC1, KCNH3, GABRA2 and GRIN2A); they are associated
with spatial and working memory [63] (Fig. 4A). The downstream



Fig. 3. Network linking the miRNA regulators of schizophrenia and Alzheimer's disease. The miRNAs overexpressed by BLD (shaded) and a miRNA overexpressed by ERD (clear) were
evaluated in comparison to STD.
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epigenetic influence of BLD was highlighted by the hypermethylated
PPP1R1A, amember of a family of protein phosphatases that aremajor
regulators of LTP [64]. Theepigenetic influence of BLDon cellmembrane
architecture was highlighted as JPH3 and JPH4 were found to be
hypermethylated. These genes encode junction proteins that modulate
memory and LTP via calcium/calmodulin messengers [65].

4.3. Disease footprints of ERD and BLD

Genes involved inmovement disorderswere epigenetically altered
by both ERD and BLD, while BLD showed biased influence toward
genes affecting Alzheimer's disease. A number of longitudinal cohort
studies have highlighted the temporal association of PUFA intake and
Alzheimer's advancement. In the elderly, the risk of Alzheimer's was
60% less among those who consumed fish verses those who rarely ate
fish. A 6-year follow up study showed the potential role of n-3 PUFA in
slowing down the age-related loss of cognitive power [66]. Similar
observation was reported elsewhere [35].

Our previous study showed that ERD suppressed the transcrip-
tomic expression of APBA1, a key gene encoding the amyloid beta (A4)
precursor protein-binding family. Consequently, there was an in-
creased chance of reducing the amyloidal toxicity, a typical precursor
of Alzheimer's onset [67]. The present study mined miR-381-3p, miR-
30c-5p and miR-103-3p, all overexpressed by BLD (Fig. 3), that
directly target APBA1. We anticipate a potentially long-term preven-
tative effect provided by diets supplemented with an optimal
proportion of n-3 and n-6 PUFA on the development of Alzheimer's.

Among the miRNAs overexpressed by ERD, miR-16-5p and miR-
30c-5p are the upstream regulators of complement component C4,
andmiR-103-3p andmiR-16-5p are the upstream regulators of DISC1.
A recently published work identified C4 as a potential biomarker of
schizophrenia [68]. Transgenic manipulation of the DISC1 gene displayed
schizophrenia-like phenotypic endpoints; the knockout mice displayed
reduceddendritic complexity and impaired spatialworkingmemory [69].
Additional research could identify how an optimally balanced PUFA diet
contributes to ameliorating schizophrenia.

4.4. Conclusions

Emerging studies indicate the necessity of apportioning n-3 PUFA
and n-6 PUFA tomaximize the health benefits. The balanced ratio of n-
3 and n-6 PUFA has already showed inhibitory outcome in studies of
tumorigenesis and cardiovascular atrophies [70–72]. Brain develop-
ment mechanisms were found to benefit from balanced supplemen-
tation of n-3 and n-6 PUFA [73]. In fact, high amounts of n-3 PUFAmay
have adverse impacts on early growth unless the diet was suitably
enriched by n-6 PUFA [74]. Rodent memory and LTP were reinforced
by diets constituted by n-3 and n-6 PUFA at a 4:1 ratio [75]. The debate
about an optimal ratio of n-3 and n-6 PUFA was further fueled by
multiple studies focusing on various permutations and combinations
of n-3 and n-6 PUFA types such as the EPA:DHA ratio [76], the
arachidonic acid (AA):EPA ratio [42,77] and the AA:alpha-linolenic
acid (ALA) ratio [78]. In this context, the present study intends to
throw light on how these dietary supplements impart lasting
signatures on major neurological functions.

Overall, we found a good correlation between the epigenetic
outcome of this study and our previous study [29] exploring the
genetic plasticity caused by ERD. Perturbations of calcium ion-
mediated networks with the downstream consequences were
emerged as themajor outcome coperturbed by epigenetic and genetic
structure. In comparing ERD and BLD, one highly enriched with n-3
PUFA and the other with a balanced ratio of n-3 and n-6 PUFA, we
identified some instances where their epigenetic contributions
were different. For instance, BLD epigenetically perturbed a unique
set of networks associated with cognition, startle response and
LTP, which could be attributed to the preferential influences on the
membrane junction proteins and calcium-releasing messengers. It
is intriguing to note that BLD selectively augmented a miRNA
cluster associated with Alzheimer's and schizophrenia. We also
noted how ERD and BLD adapted two distinct cell type-based paths
associated with neuritogenesis, which warrants a more systematic
investigation.
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Fig. 4. (A) The gene networks associated with neurotransmission, memory and long-term potentiation (LTP): The genes include both hypermethylated CpG islands and suppressed
transcripts and are shown with the overexpressed miRNAs induced by either ERD (clear) or BLD (shaded). (B) The gene networks associated with organization of cytoskeleton and
formation of brain: The genes include both hypermethylated CpG islands and suppressed transcripts and are shown with the overexpressed miRNAs induced by either ERD (clear) or
BLD (shaded).
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Fig. 5. Differential pathway enrichment by ERD and BLD associated with nervous system development and functions: Significantly enriched terms of nervous system development and
functions are sorted into three groups, namely cellular properties, cerebral health and cerebral functions.
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